ABSTRACT To assess the relative contributions of afterload mismatch and impaired contractility to pump dysfunction in patients with chronic aortic valve disease, simultaneous left ventricular cineangiography and micromanometry were performed in 56 patients: 21 with severe aortic stenosis, 16 with severe aortic regurtitation, and 19 normal control subjects. Left ventricular mass was increased in patients with aortic stenosis and aortic regurgitation (172 + 52 and 224 ± 63 g/m2, respectively, vs 89 + 16 for control subjects; p < .05) as were end-diastolic volume (101 ± 39 and 167 ± 44 vs 77 + 16 ml/m2; p < .05) and end-systolic volume (50 + 40 and 84 ± 43 vs 24 7 ml/m2; p < .05). Although ejection fraction was depressed in both abnormal groups (0.56 ± 0.18 for patients with aortic stenosis and 0.53 + 0.13 for those with aortic regurgitation vs 0.69 0.05 for control subjects; p < .05), the decrease in ejection fraction was disproportionate to the mild degree of afterload mismatch (end ejection stress 129 + 17 in patients with aortic stenosis and 154 ± 58 in those with aortic regurgitation vs 117 46 kdyn/cm2 in control subjects; p = NS) with 10 of 21 patients with aortic stenosis and 12 of 16 patients with aortic regurgitation falling below the 95% prediction limit of the linear inverse relationship between ejection fraction and end-systolic stress for controls (EF = 0.78 -0.00074.ESS). The maximum stress:volume index ratio, which is an index of inotropic state that is independent of preload but sensitive to afterload, was also depressed in patients with aortic stenosis and aortic regurgitation (3.8 ± 1.4 and 2.5 ± 0.9 vs 5.0 1.3 kdyn/cm5/m2 for control subjects; p < .05), and first-order partial correlation demonstrated that this decrease was inversely related to left ventricular mass index. Thus, although afterload mismatch may adversely affect ventricular performance in patients with aortic valve disease, extensive hypertrophy and contractile dysfunction appear to be the major determinants of pump dysfunction. Circulation 73, No. 1, 47-53, 1986. AFTERLOAD MISMATCH has been recognized as a cause of impaired pump performance in patients with chronic aortic valve disease.'-5 However, separating the effect of myocardial contractile dysfunction from that of afterload mismatch on pump performance has been difficult because of the lack of a load-independent index of contractile function.
function in chronically overloaded ventricles of animals6 8 and man.9-13 The present angiographic analysis of ventricular stress and volume was conducted to determine the relationship of contractile function to ejection performance in patients with chronic aortic stenosis or chronic aortic regurgitation. In this study, extensive hypertrophy and contractile dysfunction, rather than inadequate hypertrophy with afterload mismatch, were the major determinants of depressed ejection performance.
Methods
Subjects. From July 1983 through March 1985, 37 patients evaluated for symptomatic aortic valve disease with cardiac catheterization at the University of Kentucky and the Lexington Veterans Administration Medical Centers met the following criteria for inclusion in this study: (1) no coronary stenosis of(3) no significant mitral valve disease as defined by a computed mitral valve area less than 1. 5 cm2 or angiographic mitral regurgitation graded more than 2 + in severity by the 
where L is the ventricular long axis, D is the diameter as computed from the area-length relationship, and h is wall thickness at end-diastole. Dynamic left ventricular wall thickness was computed from dynamic chamber volume and LVM, which is assumed to be constant, by means of the Newton Raphson method used by Hugenholz et al. 17 Briefly, iteration of the three equations
is performed until convergence on the solution for h, where g(h) is a function of h, g'(h) is the first derivative of the function, and lh represents the value of h from the preceding iteration. Circumferential wall stress was computed with Mirsky's equation'8:
Stress and volume, indexed for body surface area, were plotted frame by frame with a computer, which searched the frames for the maximum ratio of stress to volume. We have previously found this ratio to be an index of inotropic state that is independent of myocardial length but sensitive to changes in afterload.'9 Mean systolic stress is the stress integrated over the ejection time. Stress at end ejection was located on the stressvolume loop at the point at which volume first fell within 3 ml of absolute minimum. This method was used because a smoothing function was not applied to the data points, and the absolute nadir of the volume-time plot was sometimes at a point when stress was falling most rapidly.
Because the accuracy of wall stress computations is highly dependent on chamber volume and wall thickness measurements, the intraobserver and interobserver variability of these measurements was evaluated by the end-diastolic frames of nine ventriculograms (three from each patient group). The mean variability for the volume measurements between two observers (T. W. and S. N.) was 5.4 + 3.8%. Forthe observer who traced the silhouettes for this study (T. W.), the intraobserver variability was 5.5 + 5.0%. For the wall thickness measeurements, the interobserver variability (T. W. vs S. N.) was 10. 
Results
The hemodynamic data are summarized in figure 1.
Left ventricular end-diastolic pressure tended to be higher in both group 1 and group 2 compared with control subjects, although cardiac index was maintained in both (figure 1).
The mean value of end-diastolic stress, which was used as a measure of preload, was elevated in group 2 but not in group 1 compared with that in the control group (figure 2). The mean value of mean systolic stress was higher in group 2 than that in the control group, although afterload measured as end-systolic stress was similar among the three groups (figure 2).
Ejection fraction varied widely within groups 1 and 2 but was significantly depressed in both groups compared with that in the control group ( figure 3 ). An inverse relationship between ejection fraction (EF) and end-systolic stress (ESS) was observed in all three groups: control group, EF = 0.78 -0.00074-ESS, r = -.74, p < .001; group figure 4 , there was unequivocal impairment of ejection performance that was disproportionate to the degree of afterload mismatch in 10 of the 21 patients with aortic stenosis and in 10 of 16 patients with aortic regurgitation. Interestingly, only one of 11 patients with aortic stenosis with an ejection fraction less than 0.60 fell within the 95% prediction limits of the normal relationship between ejection fraction and end-systolic stress. All 12 patients with aortic regurgitation in whom the ejection fraction was less than 0.60 fell below the 95% prediction limits of the normal ejection fraction-endsystolic stress relationship. To further clarify the etiology of depressed ejection performance in patients with aortic stenosis, contractile state was estimated in individual patients by the maximum ratio of stress-to-volume as illustrated in figure 5 , which has been used by others", 12 to estimate contractile state in valvular heart disease. For groups 1 and 2, the maximum stress: volume ratio was depressed (3.8 ± 1.4 for group 1 and 2.5 + 0.9 for group 2 vs 5.0 1.3 kdyn/cm5/m2 for control subjects; p < .05) despite afterload that was comparable to normal. Furthermore, there was a strong inverse correlation between the maximum stress: volume ratio and left ventricular mass (figure 6), indicating that the development of extensive hypertrophy is associated with ventricular contractile dysfunction in aortic valve disease.
Discussion
Afterload mismatch has been recognized as a cause of impaired pump performance in patients with chronic proportional to the magnitude of the end-systolic stress, since it assumes the volume intercept to be zero. 19 et al.3 extended the earlier study by Gunther and Grossman,2 it was inferred that a myocardial factor might be operative in a small subset of patients with aortic stenosis and congestive heart failure, in whom the pressure gradient was small. However, the small control group comprising six normal subjects in the earlier study2 and the lack of controls in the subsequent study3 did not permit a statistical comparison of contractile function between normal subjects and patients with aortic stenosis. The inverse relationship between ejection fraction and afterload observed in the present investigation is consistent with the results of these previous studies. However, our results extend previous findings in that they indicate that impaired performance in patients with aortic stenosis is not generally the effect of afterload mismatch on ventricles with inadequate hypertrophy, since impaired performance was found in patients with extensive hypertrophy, normalized afterload, and evidence of contractile dysfunction. Several other clinical investigations support the conclusion that afterload mismatch is not the principal determinant of depressed ejection performance in chronic pressure overload. Huber et al. 20 found that more traditional indexes of inotropic state were depressed in a subset of patients with aortic stenosis in whom peak systolic stress was normalized by extensive hypertrophy. In both the study of Huber et al. 20 and the present investigation (figure 6), evidence of impaired inotropic state was more prominent in patients with greater hypertrophy than in those with moderate hypertrophy. Likewise, Takahashi et al.9 identified abnormal end-systolic stress-diameter slopes in hypertensive patients with severe wall thickening but not in those with modestly increased thickness. These findings are consistent with the experimental data in mammals7 21 and indicate that hypertrophy in man is a limited adaptation to pressure overload that eventually results in muscle failure and concomitant pump failure.
Although impaired inotropic state has long been postulated as the major cause of ventricular dysfunction in chronic aortic regurgitation,22 studies in animals The maximum stress: volume ratio for a single beat has been recently used as a practical alternative to measuring Emax in disease states associated with abnormal ventricular size and loading conditions." 12 The results of recent animal studies demonstrate that, although maximum stress: volume ratio is insensitive to short-term changes in preload and is sensitive to shortterm inotropic interventions, this ratio changes in direct proportion to short-term changes in afterload. '9 Thus reduced maximum stress: volume ratio could be caused by either depressed inotropic state or reduced afterload. In patients with aortic stenosis and preserved pump function in the present study, afterload measured as end-systolic or as mean systolic stress was comparable to that for control subjects. However, afterload was elevated in patients with aortic stenosis and severely impaired ejection performance. Contractile function may thus have been slightly overestimated by maximum stress: volume ratio in some patients with aortic stenosis and also in the group with aortic regurgitation, in which mean systolic stress tended to be higher than normal. However, contractile performance estimated from maximum stress: volume ratio was highly concordant with that estimated from the ejection fractionend-systolic stress relationship (figure 4). The preload sensitivity of this latter relationship might also have caused overestimation of contractile function in group 2, in which preload was elevated, but not in group 1, in which preload was normal.
Limitations. Several technical limitations of this study should be mentioned, one of which is the measurement of afterload. It has been proposed that afterload be described by impedance spectra. 27 Impedance, however, does not take into account the interrelationship between ventricular wall thickness, chamber dimensions, and pressure that may affect load at the myocardial fiber level.'8 For this reason, those studying the function of hypertrophied hearts have generally used either mean systolic stress2 3 or, more recently, end-systolic stress28 as a measure of the load that limits ejection. Neither of these measurements uniquely describes afterload, since both depend in part on contractile force generated by the ventricle. Although stronger correlations between ejection fraction and end-systolic stress, compared with ejection fraction and mean systolic stress, were observed for all three patient groups, uncertainty remains in regard to the more appropriate descriptor of afterload. In the present study, when ejection fraction-afterload relationships were analyzed with mean rather than end-systolic stress, the results were qualitatively similar in terms of identifying contractile dysfunction in patients with aortic stenosis (EF = 0.82 -0.00141*MSS vs EF = 0.79 -0.00057. MSS for control; p < .05) and those with aortic regurgitation (EF -0.77 -0.00099.MSS; p = NS vs control).
End-systole has traditionally been defined as the time at which ventricular volume reaches a minimum. However, Sagawa26 noted that the coincidence of end ejection, as indicated by minimum ventricular volume or dicrotic notch, with maximal elastance is "circumstantial" and has recently derived Emax by means of the point in each cardiac cycle where the pressure: volume ratio reached maximum.29 Computer analysis of stressvolume loops in our patients usually showed that maximum stress: volume ratio in each cardiac cycle very nearly coincided in time with the time of end ejection (figure 5, left and right panels). However, in some patients, the stress: volume ratio reached maximum well before end ejection (e.g., middle panel of figure  5 ). For consistency, therefore, the "afterload" for each CIRCULATION 52 patient was measured as the stress at the end of ejection (see Methods). The lack of a uniform definition of endsystole may be one of several methodologic differences responsible for different results in our study of contractile function in patients with aortic stenosis compared with that of Mehmel et al.,"0 who used dicrotic notch pressures from 2 beats at different loads to derive Emax.
Some concern must be expressed regarding the suitability as a control group patients catheterized because of chest pain syndromes but with normal epicardial coronary arteries. However, it is doubtful that abnormal vasodilator reserve noted in some patients with chest pain and normal coronary arteries30 rendered our control group abnormal, since the only two patients who were found to have angiographically normal coronary arteries but a left ventricular ejection fraction less than 0.60 during this study were excluded. It is also unlikely that the small age differences among the groups significantly influenced differences in ventricular function noted among the groups.
Finally, the clinical importance of the present findings will be tempered if future studies demonstrate full recovery of contractile function after successful aortic valve replacement despite severe preoperative hypertrophy with contractile impairment.
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